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Little is known about the effects of sedimentary environment and maturity on δD values of aromatic compounds deposited in
geological bodies. Our simulation experiments showed that the δD value of pyrolytic polycyclic aromatic hydrocarbons (PAHs)
was significantly different between the studied samples from high and low latitude regions. Comparative studies showed that
the δD values of PAHs produced by pyrolysis were related to those of water in the two regions. With increasing maturity, the
δD value of the PAHs becomes higher. Additionally, it was observed that some PAHs exhibited a propensity to increase the
δD value upon demethylation. The thermodynamic fractionation of hydrogen isotopes between the PAHs produced by
pyrolysis and both the n-alkanes and methane produced by pyrolysis indicated that the hydrogen isotopic value of the PAHs
was higher than that of the n-alkanes or methane. The long-chain alkylbenzene produced by pyrolysis has a higher mean δD
value compared with the n-alkanes produced by pyrolysis, but it is lower than that of the PAHs in the same sample. The
lowest δD value among the aromatics was found in the ring A monoaromatic steroids produced by pyrolysis. The low δD
values of these steroids should originate from isotopic fractionation during isoprenoid lipid biosynthesis.

1. Introduction

Aromatic compounds are a significant component of sedi-
mentary soluble organic matter and contain rich informa-
tion about the formation of sedimentary organic material.
PAHs have been applied to evaluate organic matter sources,
formation environment, maturity, and diagenetic alteration
[1–9]. With the improvement of isotope analysis technology
for individual organic molecule, the carbon isotopic analysis
of individual PAHs has made its application more accurate
and more extensive [10, 11] and played a significant role in
environment and petroleum exploration research [11].
However, current research on the hydrogen isotope of indi-
vidual hydrocarbon compounds mainly focuses on alkanes,
particularly n-alkanes [12–16]. The δD value of sedimentary

n-alkanes has become an important indicator for evaluating
paleoclimate environment, organic matter source, and matu-
rity [17–21].

If the hydrogen isotopes of individual sedimentary aro-
matic compounds can keep track of the water origin during
the precursor biosynthesis like n-alkanes [16], the hydrogen
isotopic composition of individual sedimentary aromatic
compounds can track the paleoclimate. At the same time,
the hydrogen isotopes of individual sedimentary aromatic
compounds should be related to their biological sources,
sedimentary environment, and diagenetic evolution, so there
is potential application in oil and gas geochemical research.
However, there are only a few reports on the hydrogen iso-
tope studies of individual aromatic compounds in geologic
sediments. For example, Tuo et al. [22] determined the δD
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value of simonellite in coal and carbonaceous mudstone;
Zhang et al. [23] studied the variations in the δD value of
PAHs in modern sediments from the East China Sea and
discussed their sources. Uncertainty persists regarding the
factors influencing the δD values of the individual sedimen-
tary aromatic compounds in geological bodies.

Peat, which has not undergone deep burial or strong
degradation and generally contains abundant original organic
content, is regarded as the original material of coal. In addi-
tion, the herbaceous peat-forming organisms are relatively
simple, allowing us to easily understand the original organic
matter in the peat. Therefore, in this study, we chose contem-
porary herbaceous peats formed under different sedimentary
environments. Simulation experiment of these samples was
carried out under anhydrous and closed conditions at
200°C–400°C, and the compound-specific δD analysis of indi-
vidual aromatic compounds in pyrolysates was conducted.
The characteristics of hydrogen isotope composition of aro-
matic compounds during the coalification of herbal peats from
different latitude regions were investigated. The purpose of
this research is as follows: (1) to identify the discrepancy in
δD value of various types of aromatic compounds formed
under different sedimentary environments and at different
simulation temperatures; (2) to understand the discrepancy
between the δD values of aromatic hydrocarbons and n-
alkanes/methane by comparing with previous research results;
(3) and to further understand the impact of sedimentary
environment, thermal evolution, and compound type on
the hydrogen isotopes of individual sedimentary aromatic
compounds.

2. Samples and Analysis

The two samples used in the pyrolysis are all herbal peat. A
sample with a latitude of 48° North was collected in the Altay
area of Xinjiang, while another sample with a latitude of 21°

North was taken in the Zhanjiang area of Guangdong, both
in China. The samples had a depth between 1.5 and 3.0m
and had total organic carbon content (TOC) of 32.3% to
34.5%. Altay and Zhanjiang regions have elevations of
2560m and 28m, respectively, and their respective mean
annual temperatures of -1.8 to 1.8°C and 23.4°C. The peat
was dried to zero moisture at room temperature. The peat
was then crushed and dried again naturally for several days.

Similar to those previously described, methods for peat
pyrolysis, extraction, and instrumental analysis for aromatic
compounds were used [24, 25]. In short, the experiment on
the peat sealed in a quartz tube was conducted in a muffle
furnace under anhydrous condition. Each sample was iso-
thermally pyrolyzed at 200°C, 250°C, 300°C, 350°C, and
400°C for 72h. The solid residues were collected and sub-
jected to Soxhlet extraction with dichloromethane methanol
(3 : 7, v:v). The extracts were separated into saturated hydro-
carbons and aromatic hydrocarbons using column chroma-
tography with n-hexane and CH2Cl2 as eluting solvents. Gas
chromatography–mass spectrometry (GC–MS) analyses of
the aromatic compounds in the aromatic hydrocarbon frac-
tion were carried using a Hewlett-Packard 6890 gas chromato-
graph interfaced to a Hewlett-Packard 5973 mass selective

detector. An HP-5 column (30m × 0:32mm i.d., 0.25μm film
thickness) was used. The GC oven temperature began at 80°C
and then increased to 300°C at 3°C/min (held 30min). δD
values of the aromatic compounds were determined by gas
chromatography (Thermo Scientific Trace)—isotope ratio
mass spectrometric (Finnigan-MAT 253) analysis. The com-
bustion furnace was at 1450°C. The analysis conditions of
the gas chromatograph were analogous to the GC-MS except
that the column was 60m. In order to evaluate the reproduc-
ibility of the instrumental analysis, a mixture of standard com-
ponents with known isotopic composition were measured
several times prior to and following the sample runs. The
H3+ factor was determined after every five injections and was
constant at about 7.0. In general, the amount required for
hydrogen isotope analysis of aromatic compounds is relatively
large. Due to the limitation of the amount of samples, the
hydrogen isotope analysis of pyrolytic aromatic compounds
cannot be repeated for more times like the analysis of n-
alkanes. In order to ensure the accuracy of hydrogen isotope
analysis, we repeated the analysis of saturated hydrocarbon
fractions with sufficient amount before the analysis of aro-
matic fractions.When the standard deviation of hydrogen iso-
tope analysis of saturated hydrocarbon fraction was less than
5‰, the hydrogen isotope analysis of aromatic fraction pro-
duced by pyrolysis was carried out. δD values (‰ relative to
the VSMOW reference standard) of one to three analyses with
a standard deviation of <5‰ are reported for all aromatic
compounds.

3. Results

3.1. Composition of Aromatic Compounds. The PAHs were
not detected in the aromatic hydrocarbon fractions pro-
duced by pyrolysis at 200°C and 250°C, and only a few trace
PAHs were detected in the aromatic hydrocarbon fraction at
300°C. However, at 350 and 400°C, the PAHs in the two peat
samples are the most abundant. In this study, PAHs only
involved the experimental results at 350°C and 400°C for
comparative research. The analysis results of the PAHs were
shown in Table 1. The PAHs pyrolyzed by the Altay peat
at 350°C and 400°C (named 350Alt and 400Alt samples)
were composed of fluorene, dibenzofurans, phenanthrene,
anthracene, acephenanthrene, pyrene, chrysene, and their
alkyl homologs, as well as fluoranthene, benzo[c]acridine,
and benzo[a]anthracene, which were tri- and tetracyclic aro-
matic compounds. Phenanthrene and alkyl phenanthrenes
made up the majority of the aromatic compounds in the
350Alt and 400Alt samples, accounting for 53.2% and
59.4%, respectively. Alkyl fluorenes and alkyl dibenzofurans
came in second and third, accounting for 15.4% and 14.6%,
respectively. Other PAHs were relatively low in abundance
(Table 1). In addition, the 350Alt and 400Alt samples con-
tained long-chain alkylbenzenes. The long-chain alkylben-
zenes are composed mainly of the long-chain homologs
(C25–C36) with a modal distribution, maximizing at C28
(Figure 1 and Table 2). The liquid hydrocarbon pyrolyzed
by the Altay peat at 250°C (named 250Alt sample) contained
C27, C28, and C29 ring A monoaromatic steroids, with C29 as
the main peak (Figure 2). Their molecular structure and mass
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spectrum characteristics were almost the same as those
reported by Hussler et al. [26]. Sedimentary ring A monoaro-
matic steroids are thought to be derived from sterols from
organisms [26], and that the sterols in higher plants are com-
posed mainly of C29 components [27]. The distribution of the

ring A monoaromatic steroids in the sample was dominated
by C29, reflecting the source of terrestrial higher plants. The
limited detection of ring A monoaromatic steroids at 250°C
in the thermal simulation sample indicates that these com-
pounds only existed in the early stage of diagenesis [26].
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Figure 1: Molecular distributions of long-chain alkylbenzene in the 350Alt (a) and 400Alt (b) samples.

Table 2: Parameters of long-chain alkylbenzenes in the pyrolysis samples.

Compound Sample no. Crange Cmax
a C25

–/C25
+b ACLc CPId

Alkylbenzene 350Alt C25-C36 C28 Very low 28.8 0.87

Alkylbenzene 400Alt C25-C36 C28 Very low 28.9 1.13

Alkane 350Alt C15-C31 C21, C27 2.98 26.6 1.31

Alkane 400Alt C16-C30 C21 4.60 26.5 1.22
aPeak carbon number; blong-chain/short-chain: ≦nC25/>nC25;

caverage chain length = ½25ðnC25Þ + 27ðnC27Þ + 29ðnC29Þ + 31ðnC31Þ + 33ðnC33Þ�/ðnC25 + n
C27 + nC29 + nC31 + nC33Þ; dcarbon preference index = ½ðC25 + C27+⋯+C33Þ/ðC24 + C26+⋯+C32Þ + ðC25 + C27+⋯+C33Þ/ðC26 + C28+⋯+C34Þ�/2. The data
for alkanes are from Duan et al. [24].
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Figure 2: Molecular and isotopic distributions of ring A monoaromatic steroids in the 250Alt sample.
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In addition to the above-mentioned polycyclic aromatic
hydrocarbons, the liquid hydrocarbons produced from the
Zhanjiang peat also contained alkyl naphthalenes, dimethyl-
pyrenes, and benzopyrenes. The PAHs in pyrolysates of
Zhanjiang peat were still dominated by phenanthrene and
its alkyl homologs, representing 53.2% and 48.3% of the total
PAHs at 350°C and 400°C (named 350Zwx-3 and 400Zwx-3
samples), respectively, followed by pyrene compounds,
which accounted for 17.1% and 24.0%, respectively. Relative
abundance of chrysene and its alkyl homologs in the Zhan-
jiang samples were significantly higher than those in the
Altay samples.

3.2. δD Value of Aromatic Compounds. The δD value of the
PAHs produced by pyrolysis was shown in Figure 3. The δD
values of the same type of the PAH compounds in Figure 3
were reported with average values of several peaks, such as
dimethylfluorene, methylphenanthrene, dimethylphenan-
threne, trimethylphenanthrene, and methylpyrene. The δD
values of PAHs in the 350Alt and 400Alt samples were
between -142‰ and -92‰ and -129‰ and -66‰, respec-
tively. The δD value of long-chain alkylbenzenes in the
350Alt sample was between -179‰ and -113‰ (Figure 1
and Table 3). The hydrogen isotope ratios of C27, C28, and
C29 ring A monoaromatic steroids were obtained only in
the 250Alt sample, which were -217‰, -248‰, and
-275‰, respectively (Figure 2). The δD values of PAHs in
the 350Zwx-3 and 400Zwx-3 samples were between -103‰
and -75‰ and -88‰ and -62‰, respectively.

4. Discussions

4.1. Impact of Maturity on Molecular Composition and δD
Value of PAHs Produced by Pyrolysis. Although the PAHs
in the Altay and Zhanjiang samples were dominated by tri-
cyclic aromatic hydrocarbons (Figure 4), the difference in
PAH composition between samples from the two areas was
still obvious, showing that the Zhanjiang samples contained
a high concentration of pyrene and its alkyl homologs as
well as benzopyrene. Since these PAHs cannot directly orig-
inate from plants, they must be produced during the thermal
simulation experiments. The difference in the composition
of the PAHs throughout the thermal simulation process of
the peat may be caused by the difference in the composition
of the precursor substances that form PAHs in the peat from
the two regions [28].

According to the results of our simulation, the ratios of
P/(MP+DMP) and MP/DMP for the samples from Altay
and Zhanjiang regions, respectively, were 0.044 and 0.456 and
0.133 and 0.534 at 350°C, respectively. At 400°C, these ratios
increased to 0.086 and 1.027 for the Altay sample, and 0.144
and 1.107 for the Zhanjiang sample (Figure 5), respectively.
These data indicated that demethylation of aromatic com-
pounds occurs during thermal simulation. The abundances of
2-methylphenanthrene and 3-methylphenanthrene increased
with increasing thermal simulation temperature relative to
those of 1-methylphenanthrene and 9-methylphenanthrene
(Figure 5), reflecting the progressive conversion of the α-iso-
mers to the β-isomers. The methylphenanthrene index (MPI)
proposed by Radke and Welte [29] and Radke et al. [1, 2, 30]
and the methylphenanthrene distribution fraction (F1 and F2)
proposed by Kvalheim et al. [31] can be used as indicators of
organic matter maturity. With an increase in the simulated
temperature, these values in the samples increased significantly
(Figure 5), reflecting that these values are strongly associated
with the maturity of the organic material and supporting the
previous research findings [1, 2, 29–31].

Previous studies have shown that the δD value of n-
alkanes in sediments is well correlated with thermal maturity
and can be regarded as an index of organic material maturity
[24, 32]. Nevertheless, the correlation between the δD value
of sedimentary individual aromatic compounds and thermal
maturity is still unclear. The results of our simulation exper-
iment showed that as the simulated temperature increased,
the δD value of the PAHs produced by pyrolysis also
increased (Figure 3). It was found that the PAHs at 400°C
were, for the pyrolysates from Altay and Zhanjiang, respec-
tively, 16‰–49‰ and 4‰–32‰ richer in D than they were
at 350°C. They had an average enrichment of 27‰ and
14‰, respectively. Such a δD value variation between
350°C and 400°C should primarily reflect the influence of
the thermal evolution of the organic material on the δD
value of the PAHs. Therefore, the δD value of sedimentary
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Table 3: δD values of long-chain alkylbenzenes in Altay pyrolysis
sample at 350°C.

Long-chain alkylbenzene C26 C27 C28 C29 C30 C31

δD value (‰) -114 -174 -179 -141 -122 -113
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PAHs as an indicator of the maturity of organic material
should be a scientific issue for future research.

Based on our previous results on hydrogen isotopes of
hydrocarbon gases and n-alkanes in the studied samples
[24, 25], the thermodynamic fractionation of hydrogen iso-
topes between the PAHs and both the hydrocarbon gases
and n-alkanes was studied by comparison. At 350°C and
400°C, the δD values for methane obtained after pyrolysis
were -318‰ and -272‰ in the Zhanjiang sample and
-336‰ and -291‰ in the Altay sample, respectively [25].
Methane δD values in the Altay and Zhanjiang samples were
significantly lower than those for PAHs (Table 4). The dif-
ference between the methane and average PAH δD values
at 350°C and 400°C was -219‰ and -201‰ for the Altay
sample, respectively, whereas Zhanjiang sample is -230‰
and -198‰, respectively [25]. At 350°C and 400°C, the aver-
age δD values of n-alkanes were -173‰ and -156‰ in the
Zhanjiang sample and -201‰ and -156‰ in the Altay sam-
ple, respectively [24]. The PAHs had a higher δD value com-
pared to that of the n-alkanes (Table 4). The average
hydrogen isotopic composition of the PAHs at 350°C and
400°C was 84‰ and 66‰ and 85‰ and 82‰ heavier than
that of the n-alkanes in the Altay and Zhanjiang samples,
respectively.

4.2. Impact of Climate Environment on δD Value of PAHs
Produced by Pyrolysis. At present, there are very few reports
of hydrogen isotopes of PAHs in geological bodies. This

paper reported the δD value of the alkyl naphthalene, alkyl
fluorene, alkyl dibenzofuran, alkyl phenanthrene, pyrene
and methylpyrene, acephenanthrene, fluoranthene, and ben-
zo[c]acridine PAHs in liquid hydrocarbons obtained from
pyrolysis experiment of marsh peats from different environ-
ments. Due to the lower number of hydrogen atoms in each
aromatic molecule, a greater amount of aromatic hydrocar-
bon sample is generally required for aromatic hydrogen iso-
tope analysis. The simulated temperature points at only
350°C and 400°C had a large sample volume, which was used
for aromatic hydrogen isotope analysis in this study.

As shown in Figure 3, at the same simulated temperature
point, the PAHs in the Altay pyrolysis samples were
enriched in H in comparison to the Zhanjiang pyrolysis
samples. With the exception of methylpyrene and methylphe-
nanthrene, their δD value discrepancy ranged from -60‰ to
-19‰ at 350°C and -43‰ to -14‰ at 400°C, respectively, with
an average difference of -29‰ and -16‰. The result also
showed that the discrepancy in the δD values of the PAHs
between the two types of samples becomes smaller with the
increase of the simulation temperature.

Generally speaking, PAHs in sediments can come from
natural (forest fires) and anthropogenic (fossil fuel) combus-
tion [33–37]. However, as the Altay herbal marsh is situated
in the uninhabited region of the plateau intermontane
depression at an altitude of 2560m, the human impact is
minimal. At the same time, the plants in this area with a cold
climate, an average annual temperature between -3.8 and
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Figure 4: Compositions of PAHs in the Altay (a) and Zhanjiang (b) pyrolysis samples (ANas: alkyl naphthalenes; AFs: alkyl fluorenes;
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1.8°C, are almost entirely composed of herbal plants. The
direct evidence for minor impact from anthropogenic input
to PAHs was that except for benz[c]acridine, no polycyclic
aromatic hydrocarbons were detected in the pyrolysis sam-
ples at 200°C and 250°C, and only traces of alkyl phenan-
threnes and alkyl chrysenes were detected in the pyrolysis
samples at 300°C. Therefore, in this study, PAHs formed
by natural and anthropogenic combustion can be ignored.
The main PAHs in the studied samples, such as alkyl naphtha-
lenes, alkyl fluorenes, alkyl dibenzofurans, phenanthrene, and
alkyl phenanthrenes, may mainly originate from the aromati-
zation of plant lipids in the thermal simulation process [38,
39], since the changes in the relative concentration of some
PAHs in the samples were related to thermal evolution
(Table 1). The similarity of the variations in the relative con-
tent of aromatic compounds in the Zhanjiang and Altay sam-
ples with the simulated temperature showed that the PAHs in
the Zhanjiang pyrolysis samples should have similar genesis to
those in the Altay pyrolysis samples. Thence, the δD value of

the PAHs in the samples was primarily connected to that of
the plant lipids that served as its precursors. It is usually con-
sidered that the δD value of plant lipids mostly depends on the
kind of plant and water used for plant growth [40, 41]. The δD
value of the source water is dominated by the geographical
location and climate environment [42–44], showing that the
δD value of precipitation in high latitude and low temperature
areas is relatively low [42–44]. The organic material in the
studied samples primarily comes from herbal plants, but the
latitude and temperature of the two regions were significantly
different, so that the δD value (-100‰) of precipitation in the
Altay high latitude region was 47‰ lighter than that (-53‰)
of precipitation in the Zhanjiang low latitude region. This
would indicate that the δD values of PAHs in the studied sam-
ples may be related to those of water in the two areas. This
finding suggests that the δD value of sedimentary PAHs, like
the δD value of n-alkanes in sediments, can reveal the paleocli-
mate environment. This understanding also needs to be fur-
ther confirmed by more studies in the future.

Table 4: Discrepancy in mean δD value between methane and PAHs, n-alkanes and PAHs, and PAHs in the pyrolysis samples.

Temperature (°C) △CH4-PAHs (‰) △CH4-PAHs (‰) △n-alkane-PAHs (‰) △n-alkane-PAHs (‰) △PAHs (‰)

Alt Zwx-3 Alt Zwx-3 Alt-Zwx-3

350 -219 -230 -84 -85 -29

400 -201 -198 -66 -82 -16

D values of methane and n-alkanes were reported by Duan et al. [24, 25].
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4.3. Significance of Hydrogen Isotopes of Long-Chain
Alkylbenzenes and Ring A Monoaromatic Steroids Produced
by Pyrolysis. Long-chain alkylbenzenes are widely present
in sediments and crude oil. Their distributional characteris-
tics and sources have been studied [45–47]. However, the δD
value of long-chain alkylbenzenes has not been reported.
The Altay pyrolysate at 350°C contains abundant long-
chain alkylbenzenes, and their δD value was also obtained.
The δD values of the C26−C31 long-chain alkylbenzenes
differ significantly (Figure 1 and Table 3). Mean long-chain
alkylbenzenes was 78‰ D-enriched relative to mean n-
alkanes with the same carbon number (-218‰) [24]. This
large isotopic difference implies that they may have different
precursors, although the long-chain alkylbenzenes and n-
alkanes in the sample come from herbs. This is coincident
with the source result reflected by the distribution of the
long-chain alkylbenzene and n-alkanes. The long-chain
alkylbenzenes had a long carbon chain and obvious even-
odd predominance, which were completely different from
those of n-alkanes in the studied samples (Table 2) [24],
reflecting that the long-chain alkylbenzenes and the n-
alkanes in the sample have different origins. At the same
time, it is not ruled out that aromatization contributed in
high δD value of the long-chain alkylbenzenes. This is due
to the fact that there is a large isotope fractionation in the
decomposition of hydrogen from carbon-hydrogen bonds
because the C-D bond has greater decomposition energy
coincident with the C-H bond [48]. Additionally, it was also
observed that when compared to PAHs, long-chain alkyl-
benzenes had a lower δD value. The δD values of the long-
chain alkylbenzenes are, on average, 23‰ depleted in D
compared to the PAHs. This isotopic difference may be
caused by the difference in the precursor biolipids and the
degree of aromatization between the long-chain alkylben-
zenes and PAHs.

The hydrogen isotopic composition of the ring A mono-
aromatic steroids was the lightest in the aromatic com-
pounds from the studied samples. The average value of the
ring A monoaromatic steroids was 30‰ lighter than that
of the n-alkanes in the studied samples [39]. The apparently
low δD values of these steroids are generally believed to orig-
inate from isotopic fractionation during isoprenoid lipid
biosynthesis [49]. Furthermore, the hydrogen isotopic com-
position of ring A monoaromatic steroids should be closely
related to that of the precursor sterols because they are pro-
duced when ring A of the precursor sterols is aromatized
during the early stage of diagenesis [26]. Chikaraishi et al.
[40] measured the δD value of C29 sitosterol in free lipids
extracted from plant leaves around Lake Haruna, Japan,
and the values for leaves in summer and autumn were
-245‰ and -252‰, respectively. Chikaraishi and Naraoka
[50] also studied the δD value of C27, C28, and C29 sterols
in free lipids extracted from plant leaves, molds, and soils
near Lake Haruna in Japan. The results showed that C27 ste-
rol had a relatively high δD value, with an average of -217‰
in soils. C28 and C29 sterols had an average of -241‰ and
-242‰ in the leaves and -241‰ and -240‰ in the soils,
respectively. The δD values of the C27 and C28 ring A mono-
aromatic steroids in the studied sample were analogous to

that of sterols showed by Chikaraishi et al. [40, 50]. How-
ever, C29 ring A monoaromatic steroids have a lighter
hydrogen isotope composition, and the reason is still
unclear.

5. Conclusions

For the purpose of understanding the δD value and thermal
evolution of individual aromatic compounds in sediment,
we carried out an anhydrous closed pyrolyses on herbal
peats from different latitude regions. The results showed that
the differences in the composition and δD value of the PAHs
between the samples from different latitudes were obvious.
Although phenanthrene and its alkyl homologs predomi-
nated in the composition of the PAHs produced by pyrolysis
in the samples from the two regions, pyrene and its alkyl
homologs and benzopyrene were more prevalent in the sam-
ples from low latitude than those from high latitude. The
isotopic studies revealed that the PAHs pyrolyzed by herbal
peat from high latitudes have lower δD value than those
from low latitudes, and the δD value of their polycyclic
PAHs was related to those of their water. In the simulation
process, the thermodynamic fractionation of hydrogen iso-
topes is obvious. The δD value of the PAHs increased as
the simulation temperature increased. The isotope difference
between samples from different latitudes also decreases with
an increase in simulation temperature. Compared with the
δD value of n-alkanes and methane produced by pyrolysis
in the same sample, the δD value of the PAHs produced
by pyrolysis was the heaviest. In the same sample, the mean
δD value of the long-chain alkylbenzene produced by pyrol-
ysis was lower than that of the PAHs produced by pyrolysis
and higher than that of the n-alkanes produced by pyrolysis.
The δD value of the A-ring monoaromatic steroids produced
by pyrolysis was the lightest of all the aromatic compounds
produced by pyrolysis, which should be derived from isotopic
fractionation during isoprenoid lipid biosynthesis.

Data Availability

The data supporting the findings of this study have been
listed in the table in the paper.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (grant nos. 41972110 and 41772108).
We thank Xixi Cao for the assistance in the field and simu-
lation experiment. The authors appreciate and acknowledge
the analytical work at Analytical Service Center, Research
Center for Oil and Gas Resources, Northwest Institute of
Eco-Environment and Resources, CAS.

8 Geofluids



References

[1] M. Radke, D. H. Welte, and H. Willsch, “Geochemical study
on a well in the Western Canada Basin: relation of the aro-
matic distribution pattern to maturity of organic matter,” Geo-
chimica et Cosmochimica Acta, vol. 46, no. 1, pp. 1–10, 1982.

[2] M. Radke, H. Willsch, D. Leythaeuser, and M. Reichmiller,
“Aromatic components of coal: relation of distribution pattern
to rank,” Geochimica et Cosmochimica Acta, vol. 46, no. 10,
pp. 1831–1848, 1982.

[3] P. Fan, R. P. Philp, Z. Li, and G. G. Ying, “Geochemical char-
acteristics of aromatic hydrocarbons of crude oils and source
rocks from different sedimentary environments,” Organic
Geochemistry, vol. 16, no. 1-3, pp. 427–435, 1990.

[4] A. Chakhmakhchev and N. Suzuki, “Aromatic sulfur com-
pounds as maturity indicators for petroleums from the Buzuluk
depression, Russia,” Organic Geochemistry, vol. 23, no. 7,
pp. 617–625, 1995.

[5] H. Budzinski, P. Garrigues, J. Connan et al., “Alkylated phen-
anthrene distributions as maturity and origin indicators in
crude oils and rock extracts,” Geochimica et Cosmochimica
Acta, vol. 59, no. 10, pp. 2043–2056, 1995.

[6] W. B. Hughes, A. G. Holba, and L. I. P. Dzou, “The ratios of
dibenzothiophene to phenanthrene and pristane to phytane
as indicators of depositional environment and lithology of
petroleum source rocks,” Geochimica et Cosmochimica Acta,
vol. 59, no. 17, pp. 3581–3598, 1995.

[7] B. G. van Aarssen, T. P. Bastow, R. Alexander, and R. I. Kagi,
“Distributions of methylated naphthalenes in crude oils:
indicators of maturity, biodegradation and mixing,” Organic
Geochemistry, vol. 30, no. 10, pp. 1213–1227, 1999.

[8] B. Nabbefeld, K. Grice, A. Schimmelmann, R. E. Summons,
U. Troitzsch, and R. J. A. Twitchett, “A comparison of thermal
maturity parameters between freely extracted hydrocarbons
(bitumen I) and a second extract (bitumen II) from within
the kerogen matrix of Permian and Triassic sedimentary
rocks,” Organic Geochemistry, vol. 41, no. 2, pp. 78–87, 2010.

[9] K. H. Williford, K. Grice, G. A. Logan, J. Chen, and D. Huston,
“The molecular and isotopic effects of hydrothermal alteration
of organic matter in the Paleoproterozoic McArthur River Pb/
Zn/Ag ore deposit,” Earth and Planetary Science Letters,
vol. 301, no. 1-2, pp. 382–392, 2011.

[10] R. Matthias and H. Andreas, “Molecular stable carbon isotope
compositions of alkylphenanthrenes in coals and marine
shales related to source and maturity,” Organic Geochemistry,
vol. 28, no. 12, pp. 785–795, 1998.

[11] A. I. Holman and K. Grice, “δ13C of aromatic compounds in
sediments, oils and atmospheric emissions: a review,” Organic
Geochemistry, vol. 123, pp. 27–37, 2018.

[12] P. E. Sauer, T. I. Eglnton, J. M. Hayes, A. Schimmelmann, and
A. L. Session, “Compound-specific D/H ratios of lipid bio-
markers from sediments as a proxy for environmental and
climatic conditions,” Geochimica et Cosmochimica Acta,
vol. 65, no. 2, pp. 213–222, 2001.

[13] D. Sachse, J. Radke, and G. Gleixner, “Hydrogen isotope ratios
of recent lacustrine sedimentary n-alkanes record modern cli-
mate variability,” Geochimica et Cosmochimica Acta, vol. 68,
no. 23, pp. 4877–4889, 2004.

[14] Y. S. Huang, B. Shuman, Y. Wang, and T. Webb, “Hydrogen
isotope ratios of individual lipids in lake sediments as novel
tracers of climatic and environmental change: a surface sedi-

ment test,” Journal of Paleolimnology, vol. 31, no. 3, pp. 363–
375, 2004.

[15] Y. Chikaraishi and H. Naraoka, “δ13C and δD identification of
sources of lipid biomarkers in sediments of Lake Haruna
(Japan),” Geochimica et Cosmochimica Acta, vol. 69, no. 13,
pp. 3285–3297, 2005.

[16] D. Sachse, I. Billault, G. J. Bowen et al., “Molecular paleohy-
drology: interpreting the hydrogen isotopic composition of
lipid biomarkers from photosynthesizing organisms,” Annual
Review of Earth and Planetary Sciences, vol. 40, no. 1,
pp. 221–249, 2012.

[17] A. Waseda, “Effect of maturity on carbon and hydrogen iso-
topes of crude oils in Northeast Japan,” Journal of the Japanese
Association for Petroleum Technology, vol. 58, no. 3, pp. 199–
208, 1993.

[18] E. V. dos Santos Neto and J. M. Hayes, “Use of hydrogen and
carbon stable isotopes characterizing oils from the Potiguar
Basin (onshore) northeastern Brazil,” AAPG Bulletin, vol. 83,
no. 3, p. 496, 1999.

[19] J. Radke, A. Bechtel, R. Gaupp et al., “Correlation between
hydrogen isotope ratios of lipid biomarkers and sediment
maturity,” Geochimica et Cosmochimica Acta, vol. 69, no. 23,
pp. 5517–5530, 2005.

[20] D. Dawson, K. Grice, and R. Alexander, “Effect of maturation
on the indigenous δD signatures of individual hydrocarbons in
sediments and crude oils from the Perth Basin (Western Aus-
tralia),” Organic Geochemistry, vol. 36, no. 1, pp. 95–104, 2005.

[21] A. Schimmelmann, A. L. Sessions, and M. Mastalerz, “Hydro-
gen isotopic (D/H) composition of organic matter during dia-
genesis and thermal maturation,” Annual Review of Earth and
Planetary Sciences, vol. 34, no. 1, pp. 501–533, 2006.

[22] J. C. Tuo,M. F. Zhang, X. B.Wang, and C. L. Zhang, “Hydrogen
isotope ratios of aliphatic and diterpenoid hydrocarbons in coals
and carbonaceous mudstones from the Liaohe Basin, China,”
Organic Geochemistry, vol. 37, no. 2, pp. 165–176, 2006.

[23] R. Zhang, T. G. Li, J. Russell et al., “Source apportionment of
polycyclic aromatic hydrocarbons incontinental shelf of the
East China Sea with dual compound-specificisotopes (δ13C
and δ2H),” Science of the Total Environment, vol. 704,
no. 135459, pp. 1–9, 2020.

[24] Y. Duan, Y. Z. Wu, Z. P. Li, L. T. Xing, and T. Zhang, “Hydro-
gen isotope composition of n-alkanes generated during anhy-
drous pyrolysis of peats from different environments,”
Energy & Fuels, vol. 3, no. 12, pp. 12758–12766, 2019.

[25] Y. Duan, M. C. Duan, Y. Z. Wu et al., “Hydrogen and carbon
isotope composition of hydrocarbon gases generated during
pyrolysis of peats from different environments,” Energy &
Fuels, vol. 33, no. 7, pp. 5944–5953, 2019.

[26] G. Hussler, B. Chappe, P. Wehrung, and P. Albrecht, “C27–C29
ring A monoaromatic steroids in Cretaceous black shales,”
Nature, vol. 294, no. 5841, pp. 556–558, 1981.

[27] A. S. Mackenzie, C. F. Hoffman, and J. R. Maxwell, “Molecular
parameters of maturation in the Toarcian shales, Paris Basin,
France –III. Changes in aromatic steroid hydrocarbons,” Geo-
chimica et Cosmochimica Acta, vol. 45, no. 8, pp. 1345–1355,
1981.

[28] Y. Q. Xia, C. J. Wang, Q. X. Meng, H. Y. Wang, and L. Du,
“The simulation of the formation of condensed nucleus and
polycyclic aromatic hydrocarbons,” Acta Sedimentologica
Sinica, vol. 16, no. 2, pp. 1–4, 1998, (In Chinese with English
abstract).

9Geofluids



[29] M. Radke and D. H. Welte, “The methyllphenanthrene index
(MPI): a maturity parameter based on aromatic hydrocar-
bons,” Organic Geochemistry, vol. 1983, pp. 504–512, 1981.

[30] M. Radke, D. H. Welte, and H. Willsch, “Maturity parameters
based on aromatic hydrocarbons: influence of the organic mat-
ter type,” Organic Geochemistry, vol. 10, no. 1-3, pp. 51–63,
1986.

[31] O. M. Kvalheim, A. A. Christy, N. Telnæs, and A. Bjørseth,
“Maturity determination of organic matter in coals using the
methylphenanthrene distribution,” Geochimica et Cosmochi-
mica Acta, vol. 51, no. 7, pp. 1883–1888, 1987.

[32] Y. Duan, Y. Z. Wu, L. T. Xing, Z. P. Li, and T. Zhang, “Com-
position and evolution of hydrogen isotopes of n-akanes
generated from anhydrous pyrolysis of sediments from Lake
Gahai, Gannan, China,” Acta Geologica Sinica-English Edition,
vol. 95, no. 5, pp. 1725–1735, 2021.

[33] M. I. Venkatesan and J. Dahl, “Organic geochemical evidence
for global fires at the Cretaceous/Tertiary boundary,” Nature,
vol. 338, no. 6210, pp. 57–60, 1989.

[34] S. G. Wakeham, “Aliphatic and polycyclic aromatic hydrocar-
bons in Black Sea sediments,”Marine Chemistry, vol. 53, no. 3-
4, pp. 187–205, 1996.

[35] H. Budzinski, P. Garrigues, G. Bernard, J. Bellocq, K. Hinrichs,
and J. Rullkötter, “Identification of polycyclic aromatic hydro-
carbons in sediments from the Amazon fan: occurrence and
diagenetic evolution,” Proceedings of the Ocean Drilling Pro-
gram, 155 Scientific Results, vol. 155, R. D. Flood, D. J. W.
Piper, A. Klaus, and L. C. Peterson, Eds., National Science
Foundation, 1997.

[36] M. B. Yunker, R. W. Macdonald, D. Goyette et al., “Natural
and anthropogenic inputs of hydrocarbons to the strait of
Georgia,” Science of the Total Environment, vol. 225, no. 3,
pp. 181–209, 1999.

[37] P. D. Ward, J. Botha, R. Buick et al., “Abrupt and gradual
extinction among Late Permian land vertebrates in the Karoo
Basin, South Africa,” Science, vol. 307, no. 5710, pp. 709–714,
2005.

[38] S. G. Wakeham, C. Schaffner, and W. Giger, “Poly cyclic aro-
matic hydrocarbons in recent lake sediments–II. Compounds
derived from biogenic precursors during early diagenesis,”
Geochimica et Cosmochimica Acta, vol. 44, no. 3, pp. 415–
429, 1980.

[39] K. H. Freeman, C. J. Boreham, R. E. Summons, and J. M.
Hayes, “The effect of aromatization on the isotopic composi-
tions of hydrocarbons during early diagenesis,” Organic Geo-
chemistry, vol. 21, no. 10-11, pp. 1037–1049, 1994.

[40] Y. Chikaaishi, H. Naraoka, and S. R. Poulson, “Carbon and
hydrogen isotopic fractionation during lipid biosynthesis in a
higher plant (Cryptomeria japonica),” Phytochemistry,
vol. 65, no. 3, pp. 323–330, 2004.

[41] A. L. Sessions, “Seasonal changes in D/H fractionation accom-
panying lipid biosynthesis in Spartina alterniflora,” Geochi-
mica et Cosmochimica Acta, vol. 70, no. 9, pp. 2153–2162,
2006.

[42] W. Dansgaard, “Stable isotope in precipitation,” Tellus, vol. 14,
pp. 436–468, 1964.

[43] K. Rozanski, L. Arguas, and R. Gongiantini, “Isotope patterns
in modern global precipitation, geophysical monograph 78,”
in Climate Change in Continental Isotope Records, pp. 1–36,
American Geophysical Union, 1993.

[44] R. E. Criss, Principles of Stable Isotope Distribution, Oxford
University Press Inc, New York, 1999.

[45] R. Ishiwatari and K. Fukushima, “Generation of unsaturated
and aromatic hydrocarbons by thermal alteration of young
kerogen,” Geochimica et Cosmochimica Acta, vol. 43, no. 8,
pp. 1343–1349, 1979.

[46] E. Gallegos, “Alkylbenzenes derived from carotenes in coals by
GC/MS,” Journal of Chromatographic Science, vol. 19, no. 4,
pp. 177–182, 1981.

[47] R. P. Philp, N. J. Russell, and T. D. Gilbert, “Hydrogenation of
Tasmanian alginite – analysis of hexane-soluble products by
thermal distillation-gas chromatography-mass spectrometry,”
Fuel, vol. 60, no. 10, pp. 937–944, 1981.

[48] N. Suzuki, H. Saito, and T. Hoshinoa, “Hydrogen gas of
organic origin in shales and metapelites,” International Jour-
nal of Coal Geology, vol. 173, pp. 227–236, 2017.

[49] A. L. Sessions, T. W. Burgoyne, A. Schimmelmann, and J. M.
Hayes, “Fractionation of hydrogen isotopes in lipid biosynthe-
sis,” Organic Geochemistry, vol. 30, no. 9, pp. 1193–1200, 1999.

[50] Y. Chikaraishi and H. Naraoka, “Carbon and hydrogen isotope
variation of plant biomarkers in a plant-soil system,” Chemical
Geology, vol. 231, no. 3, pp. 190–202, 2006.

10 Geofluids


	Simulation Experiment Study on Impacting the δD Value of Aromatic Compounds
	1. Introduction
	2. Samples and Analysis
	3. Results
	3.1. Composition of Aromatic Compounds
	3.2. δD Value of Aromatic Compounds

	4. Discussions
	4.1. Impact of Maturity on Molecular Composition and δD Value of PAHs Produced by Pyrolysis
	4.2. Impact of Climate Environment on δD Value of PAHs Produced by Pyrolysis
	4.3. Significance of Hydrogen Isotopes of Long-Chain Alkylbenzenes and Ring A Monoaromatic Steroids Produced by Pyrolysis

	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments



